■-* j f*he LNG industry needs novel ideas to promote reduc- 
| tion in cost and scneduie. In this context, Statoil and 
I Linae nave entered into a long term LNG Technology 
Alliance, aimed at more cost effective technology, project exe- 
cution and operation of LNG baseload plants. As a prerequi- 
site, novel LNG process concepts and careful machinery 
selection must be complemented by the capability of produc- 
ing large heat exchangers for the cryogenic process section. 

Accordingly the alliance has developed a new LNG 
process (mixed fluid cascade or MFC*' process) resulting in 
a plant concept, which allows significant reduction of plan: 
nvestment cost and :nct eased thermal efficien- 
cy. The Daseioad piant will be equipped with 
main cryogenic neat exchangers from Linde's 
own workshops. The aesign ana manufacturing 
of these heat exchangers is based on reputable 
scientific methods and the experience of a iarge 
number of gas separation and liquefaction 
piants, where spiral wound as well as piate-fin 
r.eai exchangers have oeen tailor made for each 
specific application. 

The MFC® process features three indepen- 
dent refrigeration cycles. Each of these cycles 
can be optimised with respect to energy con- 
sumption, operation and availability of critical 
equipment. The selection criteria for cycle com- 
pressors and drivers are presented for various 
situations. The benefits of liquid turDine 
expanders are discussed in this articie. The 
number of expanders and the outlet condition 
(singie phase/two phase) of the fluiG offer room 
for savings. 

The MFC* process with its three indepen- 
dent refrigeration cycles offers more possibilities 
than any other process with only two refrigerant 
cycles to accommodate high liquefaction capac- 
ities in one single train. Using only two Frame 7 
gas turbines will be good for up to 6.3 million tpy 
LNG. 

Mission 

In 1995, Den Norske Stats Oijeselskap a.s. 
(Statoil) and Linde AG met to discuss the pre- 
sent situation of large LNG baseload plants, 
tventualiy, the Stdtoil-Linde LNG Tecnnoiogy 
Alliance was formed with the objective to devel- 
op and market a novel concept witr reduced 
costs and schedules. 

Statoii, a major player in the oil and gas 
industry in Europe, and Linde AG, an engineer- 
ing company with bro3d experience both in cryo- 
genic processing and cor. tractive of world scale 
- >- .. - : — = • « - ; 1 ;~:;^ t : ;ea.TL l: was clear 



from the beginning mat tney snould botn be independent of 
well established licensors of core iecnnoiogy or suppliers of 
proprietary equipment. Thus, a iiquefaction process had to 
be identified, which was an improvement over existing solu- 
tions. 

Process concept 

Large baseload LNG plants typically consume at least 5% 
of the feed stock for internal purposes. Most of this 'shrink- 
age' is caused by the energy cemanc of the refrigerant 
compressors. Even if fuel gas were abundantly avaliaoie a: 
iow cost, a highly efficient process design is mancatec by 
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environmental considerations to min- 
imise the emission of CO.. and other 
pollutants. 

Screening of the different refrigera- 
tion processes demonstrates trie 
superiority of condensation based sys- 
tems over those systems, which reiy 
on gas compression and expansion 
only*. This is caused oy the ability or 
condensaiion cycles to reject me bulk 
of the heat, which has been absorbed 
from the natural gas on its way to sub- 
cooled LNG, during tne condensation 
o; the refrigerant to the ambient. 
Expander processes without concen- 
saiicn eventually reject tne absorbed 
neat as heat of compression, whicn is 
much more inefficient. 

The beni cooling curve of natural 
gas under typicai conditions (Figure 1} 
can oe approached best either oy a 
set cf pure refrigeranis vaporising at 
Oitfereni pressure levels, by mixed 
refrigerants with a wide ooiling range 
cr by a combination of botn. 

Some of these combinations have 
reached a noticeaoie market share. 
Fair efficiencies are provided by cas- 
caded systems using three pure refrig- 
erants (e.g. Phillips Optimizes 
Cascaae Process 2 ) or by single flow 
mlxea refrigerant cycies (e.g. 
?R;CO™ Process 3 ). Higr.er efficien- 
cies can be achieved by designs with 
a cecicated precooiing cycie upstream 
of a mixec refrigerant cycle used for 
liquefaction and subcooling. Propane 
precooiing is used by APCI 4 , another 
mixed refrigerant cycle for precooiing 
is usee e.g. oy Shell'-. 

The MFC® process 

Tne Statoil/Unde process 5 was devel- 
opec witn the objective to push this 
siaie-of-tne-arr technology to new lim- 
i:s. After an extended period of 
process synthesis and optimisation 
three incependen: mixed refrigerant 
cycies witn a reduced number of corn- 
pone n is each have been combined to 
a cascadec system (Figure 2). 

Neecless to say, this MFC® 
process has a ieading edge energy 
consumption (-250 - 330 kWh/t LNG 
depending on site conditions). Each 
cycie can be perfectly tuned to the 
actual task (precooiing, liquefaction, 
subcooling) even under changing feed 
gas conditions caused, e.g. by deple- 
tion of the well or seasonal tempera- 
ture changes. 

The use of three cycles resulis in 
baianceo and still moderate line sizes 
especially for the LP suction lines of 
the compressors. In addition, the train 
capacity can be increased in tne future 
up to 7 - 8 million tpy LNG, as the 
design of the relevant (spiral wound) 




heat exchangers, predominantly f*>r 
the liquefaction step is less^compTex 
and more compact. 

Cryogenic heat 
exchangers 

Reliable and cost effective cryogenic 
heat exchangers are required to make 
tne promises of the process designer 
come true. Basically, two different 
types of heat exchangers are compet- 
ing: brazed aluminium plate-fin neat 
exenangers (Figure 3) and spiral 
wound heat exchangers (Figure 4). 
The major differences between these 
two types are iisted in Table 1. 

Whereas brazed plate-fin heat 
exchangers are widely used in a broad 
range of cryogenic processes, design 
and manufacturing of spiral wound 
heat exchangers requires special 
know-how, which is not publicly avail- 
able. With more than 100 years of 
experience in heat transfer by means 
of spiral wound heat exchangers 6 . 
Linde compiled all tne necessary infor- 
mation to build spiral wound cryogenic 
heat exchangers for LNG plants. 
Important issues are understanding 
the heat transfer of vaporising 
multi-component falling films, the even 
distribution of the fluid on the shell 
side, and the mechanical integrity cf 
the equipment under tnermal shocks. 
All relevant information has been 
developed based on rigorous meth- 
ods, checked in laboratory experi- 
ments and corroborated in pilot plants. 

Linde is in the fortunate situation to 
be designer and manufacturer of both 
types of heat exchangers. Thus, the 
selection of the best choice is 
governed by suitability only, not by 
availability. A detailed analysis of all 
applicable criteria recommended the 
use of brazed plate-fin heat exchang- 
ers for the precooiing section and 
spiral wound heat exchangers in the 
liquefaction and subcooling section of 
the MFC® process. 

Driver concepts 

Large baseload LNG plants require a 
significant amount of energy to drive 
the refrigerant compressors. This ener- 
gy can be provided by steam turbines, 
gas turbines (industrial or aeroderiva- 
tive type) or electric motors, in the early 
phase of the LNG industry until approx- 
imately 1983 most of the LNG plants 
had been equipped with steam turbine 
drivers. Since men, most of the LNG 
plants had been designed with gas 
turbines. Electric motor drivers fed 
from a public grid are not used for large 
liquefaction capacities. 

Most major LNG projects, which 
are under discussion today, ars t*?.ed 
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Since the stan-up of the worics 
first commercial plan: in 1 902 by 
Dr. Car! Linde. customers aii over tne 
wortd eleci Linde air separation for 
champion. Over 2.700 times up to 
now. 600 times since 1980 aione. 
And now they made us the world 
heavy weight champion as we!!. With 
its order for building wcric's largest 
cryogenic a!r separation piani 
PEMEX (Mexico) expressed the great 
trust piacec in Linde technology to 
meet the cemand for a stable 
nitrogen supply sysiem reliable in 
every re spec:. Reiiabilitv and best 
:ecnnoiogy for every customer mars 
Our concern from the very beginning 
on. So we developed and first 
commercialized most of the air sep- 
aration technologies, whicr. then De- 
came s:a:e-cf-rne-an in this industry. 



Lates: exam pies are the internal 
compression, the pacKed columns 
ana tne cryo pure argon tecnnology. 

Arid tnis we thin* is as interesting 
for small, medium and specia; size 
projects as well. So why net visit cur 
web-siie or send us a fax to join the 
champiens-ieague. . . 
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Air Separation Plants 
PSA Plants 
Chemical- and 
Petrochemical Plants 
Synthesis Gas Plants 
Hydrogen Plants 
Ammonia Plants, LAC 
Gas Processing Plants 
NG/LNG Plants 
Sulfur Recovery and 
Desulfurization Plants 
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or. a train capacity of at least 4 million tpy LNG. Ifcisjo be, 
expected that this figure will grow further to 5 million tpy 
LNG and more for projects with an intended startup after 
2010. Theretcre. a hypothetical train capacity ot 6 million 
ipy LNG has been considered for this comparison of driver 
concepts. 

An average capacity of 6 million tpy LNG results in an 
average net liquefaction rate of 735 tph LNG. if 340 oper- 
ating days per year are targeted. This is equivalent to an 
availability of 93%, which has been demonstrated in dili- 
gently designed plants. 

Most of tne known gas resources suitable for base load 
LNG production have been identified in areas with warm cli- 
mate and limited fresh water resources. Accordingly, a spe- 
cific energy consumption of 3 10 kWh,\ NG will be used to 
get realistic figures. All together, 5 mtpy LNG liquefaction 
capacity requires 228 MW shaft power for the refrigeration 
compressors. This does not allow for the energy consump- 
tion of fuel gas compressors and other rotating equipment. 

Gas turbines for mechanical drive 

The largest gas turbine, which is wideiy accepted as 
mechanical drive for gas compressors is the General 
Electric MS70G1EA (so called Frame 7) with an ISO rating 
of 81.59 MW in case natural gas is used as fuel. Two 
Frame 7 would suppiy. approximately 163 MW or 72% of 
the required power. 

The efficiency of a Frame 7 at ISO conditions is approx- 
imately 33%, which results in an exhaust temperature of 
weii above 500 "C. Therefore, it will be the preferred solu- 
tion to recover the missing 28% or 65 MW power from a 
waste heat recovery system instead of installing a third 
Frame 7. 

The combination of two Frame 7 gas turbines and one 
steam turbine with the MFC® process is straight forward 
(Figure 5). One gas turbine shares the shaft with the (sin- 
gle casing) precooiing cycie (PC) compressor and the 
required starter/helper motor, the other one shares the 
snaft with the (single casing) liquefaction cycle (LC) com- 
pressor and the required starter/helper motor. The subcooi- 
ing cycie (SC) compressor is driven by the steam turbine, 
in case the waste heat recovery is more efficient than 
required to provide 28% of the overall shaft power, an elec- 
tric generator will recover the surplus of energy. 

Cogeneration of electricity and 
steam 

The above solution may be considered as the best choice 
in case there is no infrastructure for adequate power sup- 
piy available. If the LNG plant, however, is intended to be 
part of an integrated production site, a conversion of fuel 
gas outside of the plant battery limits to other forms of ene- 
rgy such as electricity or steam will be more cost effective. 

tn this case fuel gas, which may be tail gas from the 
LNG plant or gas from other sources, is used to generate 
electricity and steam in an industrial power plant. This plant 
may supply energy to several LNG plant trains or other 
nearby consumers. Economy of scale and optimised effi- 
ciency of this type of power plant will improve the overall 
profitability of the LNG plant. 

In a jointly used cogeneration piant usually the ratio of 
steam to electricity is shifted towards more steam, as surplus 
electricity can be marketed more readily over longer distances. 

If electric motors have to be used for an MFC^ process 
witn 6 million tpy LNG production, the maximum proven size 
of (preferably variable speed) drives has to be considered. 
Presently, units witn up to 60 MW are proven technology. As 
•!*.•<■ «r::cie -scs ' 
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duly frill be acceptable. 

The proposed solution (Figure 
. 6) requires two identical electric 
motors with 66 MW eacr. driving 
the liquefaction cycle compressor 
ana me subcooling cycie compres- 
sor. The precooling cycie compres- 
sor is powered by a steam turbine 
with 96 MW output. 
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All electric drives &%■ 
with combined cycle 
power generation 

The ultimate step of disintegrating 
the LNG plant from the power gen- 
eration is a concept, in which only 
electric energy is used to drive ail 
refrigerant cycle compressors 
(Figure 7). 

The required electric energy 
may be generated by whatever suitable technology. As nat- 
ural gas supposedly is readily available, a combined cycle 
power plant is a very strong competitor for tne most cost 
effective solution. Replacing the gas turbine driver for tne 
large precooling cycle (PC) compressor discussed above 
with one single electric motor wcula exceed the proven size 
of this item. Therefore a split of tne PC compressor into 
either 2 x 50% machines or an LP and a hp casing, driven 
by 48 MW motors each, will be required. 

Use of liquid expanders 

Most of the recent LNG projects make use of liquid 
expanders to increase the liquefaction capacity without 
need for more shaft power on the refrigerant compressors. 
The most suitable stream for liquid expansion is the sub- 
cooled LNG at the cold end of the chain of cryogenic heat 
exchangers. Liquid expansion of subcooled mixed refriger- 
ant streams is discussed and decided case by case. As the 
MFC 3 process uses a concept for the refrigerant cycles, 
wnich is different from competing technologies, a critical 
examination of the cost effectiveness for refrigerant 
expanders is required. 

Figure 1 shows all streams that are eligible for expan- 
sion in a liquid turbine: firstly, LNG before let down to stor- 
age pressure; secondly, the subcooling cycle refrigerant 
(SCR) and thirdly, the liquefaction cycle refrigerant (LCR). 
All three streams are significantly subcooled at the process 
conditions upstream of the expansion to low re-vaporisa- 
:ion pressure. 

Single phase expanders 

Most liquid expanders that are available today operate in 
the liquid phase of the process stream only. To ensure this 
:he design outlet conditions should still be in the subcooled 
liquid phase. Thus, the usable pressure drop for a liquid 
phase expander is smaller compared ic the available total 
pressure drop. 

Figure 8 shows the results of process simulations, 
which are based on a constant energy consumption of ai! 
three refrigerant compressors and a driver concept (Figure 
5). The left part of the twin columns refers :o single phase 
expanders, tne right pan to two phase expanders using the 
full pressure drop. Energy savings are due to the power 
output from tne generators, which are driven by the liquid 
expanders. Changes in the required heating surface are 
caused by the increased plant capacity. 

in :n:s case only or.e \.z'J..t ey.zf.zer sha.: be installed, 
:.*,£• _.\C= cx^a.^e.' .s r.e cast cnoice. The LNG 
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expander r.as the iargest capacity gain of approximately 
2.7%, which is equivalent to approximately 160 000 :py 
LNG for a base capacity of 6 million tpy LNG. The adc/Jon 
of a secona iiquia expander is aimost a tie between the 
SCR and :he LCR expander. The marginal power genera- 
tion of the SCR expander is compensate© by the oenefit of 
unchanged heat exchanger sizes. 

Two phase expanders 

Liquid expander manufacturers are moving icwarcs 
improved designs, which can tolerate a vapour fraction at 
outlet conditions of the turbine. Even if the accepiaoie 
vapour fraction is quite smaii tocay, i: is good to know about 
the potential of a hypothetical expancer, wnicn uses the fu;i 
pressure drop of the process stream. 

The capacity increase, of a two phase LNG expander 
compared to a single phase LNG expander wh; be similar 
to the additional installation of either a single phase SCR 
expander or a single phase lCR expander. In case two, 
two phase expanders will be installed, tne preference for 
the LCR expanaer is now oovious as tne SCR expancer 
will hardiy oenefit from the larger pressure drop. 

There is a song way to go for liquid expander manufac- 
turers using the entire avaiiaoie pressure drop, as the 
vaporisation rate in tne LNG and LCR expanders vvili be 
high. Tne two phase streams wii! have a vapour fraction of 
approximately 10 mol% each, which is equivalent under the 
actual process conditions to 90 - 95% vapour en a volu- 
metric basis. The total capacity gain of two phase LNG plus 
LCR expanders wiii oe 5% or 300 000 tpy LNG for a base 
capacity of 6 million tpy LNG. 
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